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One Sentence Summary:  

We observe multiple interlayer exciton states coexisting in a WSe2/WS2 heterostructure with 

distinct optical selection rules, which we unambiguously attribute to a moiré superlattice effect 

through novel optical spectroscopy. 

Abstract: Moiré superlattices provide a powerful way to engineer properties of electrons and 

excitons in two-dimensional van der Waals heterostructures. The moiré effect can be especially 

strong for interlayer excitons, where electrons and holes reside in different layers and can be 

addressed separately. For example, it was recently proposed that the moiré superlattice potential 

not only localizes interlayer exciton states at different superlattice positions, but also hosts an 

emerging moiré quasi-angular momentum (QAM) that periodically switches the optical selection 

rules for interlayer excitons at different moiré sites. Here we report the observation of multiple 

interlayer exciton states coexisting in a WSe2/WS2 moiré superlattice and unambiguously 

determine their spin, valley, and moiré QAM through novel resonant optical pump-probe 

spectroscopy and photoluminescence excitation spectroscopy. We demonstrate that interlayer 

excitons localized at different moiré sites can exhibit opposite optical selection rules due to the 

spatially-varying moiré QAM. Our observation reveals new opportunities to engineer interlayer 

exciton states and valley physics with moiré superlattices for optoelectronic and valleytronic 

applications. 

 

  



Main Text: 

Moiré superlattices between atomically thin materials can dramatically change the properties of 

electrons and excitons by introducing a new length and energy scale. Artificially stacked moiré 

superlattices have enabled a variety of intriguing phenomena that are not available in natural 

systems, such as tunable Mott insulators and unconventional superconductivity (1-12). Interlayer 

excitons in van der Waals heterostructures have recently attracted much research interest due to 

their large binding energy and long lifetime (13, 14). An interlayer exciton is composed of an 

electron and a hole that are separated in neighboring layers, so its properties can depend strongly 

on the layer configurations and external fields. For example, it was recently predicted that moiré 

superlattices, where the interlayer atom registry changes periodically over space, can host arrays 

of localized interlayer exciton states with distinct valley selection rules (15, 16). The moiré 

degree of freedom for interlayer excitons, therefore, offers exciting opportunities towards 

realizing novel quantum emitter sources and exotic quantum phases like exciton Dirac and Weyl 

nodes (15, 16).  

Direct experimental observation of the interlayer moiré excitons with registration-dependent 

valley selection rules, however, has been challenging. Photoluminescence (PL) has been widely 

used to study the interlayer excitons (17-22), but its interpretation is complicated because the PL 

intensity depends on both the optical transition oscillator strength and the lifetime of the emitting 

state. As a result, high energy interlayer exciton states cannot be conveniently probed due to their 

short lifetimes. In addition, it is difficult to determine the spin and momentum configuration of 

the emitting exciton states, or to separate different contributions to their optical selection rules. 

On the other hand, optical absorption measurements of interlayer exciton states are hindered by 

their small oscillator strength (23). Here we overcome these difficulties by probing zero-



twisting-angle WSe2/WS2 heterostructures with two background-free techniques: 

photoluminescence excitation (PLE) and resonant pump-probe spectroscopy. This combination 

not only allows for extremely sensitive measurements of weak absorption features associated 

with interlayer moiré excitons, but also unambiguously determines the nature of the interlayer 

excitons, including their relative oscillator strength and the spin-valley configuration of the 

constituent electrons and holes. We establish that interlayer excitons with the same spin-valley 

configuration can have opposite circular selection rules, which is attributed to the different moiré 

quasi-angular momentum (QAM) associated with different interlayer lattice registrations. We 

further show that an opposite-spin exciton state, which was originally forbidden with no valley 

selectivity, can gain a well-defined circular helicity in the moiré superlattice.  

Figure 1, A and B show a schematic and an optical microscope image of a representative near-

zero twist angle WSe2/WS2 heterostructure (see methods and ref. (24) for device fabrication 

details). Fig. 1C shows the reflection contrast of the heterostructure in the range of 1.6 to 2.4 eV. 

Three prominent absorption peaks are observed around the WSe2 A exciton energy of 1.7 eV. 

This is a characteristic behavior of the intralayer moiré exciton, which is split into multiple peaks 

by a strong moiré superlattice potential (24, 25) . The moiré superlattice effects on interlayer 

excitons are expected to be even stronger: the interlayer excitons are predicted to localize at 

different potential minima within the moiré superlattice, labelled as point A and B in Fig. 1D 

(15, 16). Consequently, four low energy interlayer moiré exciton states can exist in the K valley, 

i.e. the same-spin and opposite-spin states centering at A and B points within the moiré 

superlattice, respectively. These four states are illustrated in Fig. 1D, and their time-reversal 

pairs create another set of 4 states in the K’ valley (not shown).  



However, photoluminescence (PL) spectrum of the WS2/WSe2 heterostructure shows a single 

prominent emission peak at 1.43 eV (Fig. 1D), corresponding to only one interlayer exciton state.  

Although the PL emission spectrum is extremely sensitive, it is not sufficient to probe different 

interlayer exciton states or the nature of the interlayer excitons: The lowest energy exciton state, 

which has the longest population lifetime, can dominate the PL emission irrespective of its spin 

or valley characteristics.  

We use helicity-resolved photoluminescence excitation (PLE) spectroscopy to probe higher 

energy interlayer moiré exciton states in the WS2/WSe2 heterostructure. We monitor both the +- 

and --polarized PL emission intensity at 1.43 eV while continuously varying the energy of the 

excitation photons with + helicity. Figure 2A and 2B show the PLE spectra: the energy of + 

excitation light is scanned over the WSe2 intralayer exciton range (1.65 to 1.92 eV, Fig. 2A) and 

interlayer exciton range (1.45 to 1.55 eV, Fig. 2B). The helicity contrast for intralayer and 

interlayer excitation ranges are displayed in Fig. 2C and 2D, respectively. The PL emission 

intensity is proportional to the absorbed photon number and provides a sensitive measurement of 

the absorption oscillator strength. Strongly-enhanced PL signal is observed when the excitation 

light is on resonance with the intralayer exciton resonances (Fig. 2A). We also observe well-

defined absorption resonances in the interlayer exciton range at 1.46 (green shaded region in Fig. 

2B) and 1.51 eV (yellow shaded region). These resonances correspond to two new interlayer 

moiré exciton states, and their oscillator strengths are more than 100 times smaller than the 

intralayer exciton transitions. Such weak interlayer exciton transitions are extremely difficult to 

measure in a direct absorption measurement but are readily observable in the background-free 

PLE spectroscopy. Furthermore, we observe distinctively different circular helicity behaviors 

between the intralayer and interlayer excitons: The circular helicity has a large and near-constant 



value of ~ 0.5 over the whole intralayer exciton range (Fig. 2C), but changes dramatically and 

can have opposite signs for different interlayer exciton resonances (Fig. 2D, see supplementary).   

To resolve the spin and valley properties and to understand the unusual optical selection rules of 

different interlayer moiré exciton states, we employ resonant pump-probe spectroscopy. As 

illustrated in Fig. 3A, we resonantly excite an interlayer exciton transition with circularly 

polarized pump light, and then probe the spin-valley state of the constituent holes in the WSe2 

layer by monitoring the induced absorption changes in the WSe2 intralayer exciton transitions. 

This method takes advantage of the fact that the intralayer exciton optical selection rules have 

already been well established in previous studies (26-28), and they are independent of the 

relative registration of the two layers (15, 16). Further, the interlayer exciton oscillator strength 

can be obtained from the signal magnitude of the resonant interlayer-exciton-pump and 

intralayer-exciton-probe measurements.  

Figure 3B shows the pump-induced circular dichroic signal with probe energy fixed at 1.67 eV 

(near a WSe2 intralayer exciton feature) and pump energy swept from 1.38 eV to 1.54 eV. Strong 

pump-probe signals with opposite signs are observed at 1.46 and 1.51 eV (green and yellow 

shaded regions, respectively). This result reaffirms the PLE observation of two interlayer exciton 

states at 1.46 and 1.51 eV with different helicity. Interestingly, no clear absorption resonance is 

observed at the energy of the PL emission peak (purple shaded region around 1.43 eV). This 

indicates that the interlayer exciton state that dominates the emission process of the system has 

small absorption oscillator strength. We label it as a “weakly-absorbing” interlayer exciton state, 

in contrast to the “strongly-absorbing” states at 1.46 and 1.51 eV.  

We further resonantly excite the strongly-absorbing interlayer exciton states using + pump light 

and measure the induced circular dichroic spectra in the WSe2 intralayer exciton range (Fig. 3, C 



and D). These results can be compared to the pump-probe responses when directly exciting the 

intralayer exciton at 1.94 eV (Fig. 3E), where the optical selection rule is well established and 

not affected by the moiré superlattice (15, 16). All three spectra profiles are similar and display 

prominent resonance features around probe energy of 1.68 eV and 1.73 eV, corresponding to the 

peak I and II of intralayer moiré exciton states in WSe2, respectively (Ref. (24)). This is expected 

because the pump-probe signals originate from the response of intralayer excitons to valley-

polarized holes in WSe2. The sign of the signals, however, are different for the two interlayer 

exciton states. Pumping at 1.51eV gives a signal of the same sign as pumping the intralayer 

exciton. This interlayer exciton state therefore has the same optical selection rule as the 

intralayer exciton, i.e. + light selectively creates holes in the K valley of WSe2 (inset of Fig. 3D 

and Fig. 3E). In contrast, pumping at 1.46 eV gives an opposite sign, indicating that + light 

selectively create holes in the K’ valley (inset of Fig. 3C). In other words, the 1.51 eV and 1.46 

eV interlayer exciton states in the K valley will couple more efficiently to + and - light, and 

therefore have a total quasi-angular momentum (QAM) of +1 and -1, respectively (see 

supplementary). 

Based on the spin-valley state of the hole in the WSe2 layer and the interlayer exciton oscillator 

strength, we can infer the spin-valley configuration of the electron within the interlayer exciton 

and determine the emerging moiré quasi-angular momentum, as shown in Table 1. The electron 

and hole must be in the same valley and of the same spin for the “bright” 1.46 and 1.51 eV 

interlayer exciton states to exhibit relatively strong oscillator strengths. Therefore, we can assign 

a spin contribution of 0 and valley contribution of +1 from the constituent electron and hole to 

the QAM of K-valley interlayer exciton (see supplementary). The rest of the contribution to the 

QAM arises from the local interlayer atomic registration in the moiré superlattice. Consequently, 



we determine a moiré QAM of -2 for the 1.46 eV interlayer exciton and zero for the 1.51 eV 

interlayer exciton. They correspond to the second (moiré position B) and fourth state (moiré 

position A) illustrated in Fig. 1D, respectively.  

The lowest energy interlayer exciton state at 1.43 eV has weak oscillator strength, and we 

attribute it to an interlayer exciton with opposite electron and hole spin based on the electronic 

bands of the heterostructure (Fig. 1D). This arises naturally because the spin-orbital coupling has 

opposite sign in the conduction and valence bands for W-based transition metal dichalcogenide 

materials (29, 30). This opposite spin state is not completely dark, since spin is no longer a good 

quantum number in systems with strong spin-orbital coupling (31, 32). The energy separation 

between the opposite- and same-spin interlayer excitons (state 1 and 2) is ~30 meV, which is 

also consistent with the known conduction band spin splitting in WS2 layers (29, 30). Previously, 

an intralayer opposite-spin exciton has been observed in the PL emission of monolayer WSe2 

without a magnetic field (33, 34); however, it shows no circular valley selection, as its QAM 

only comes from spin-valley contribution and is 0 (Ref. (31, 32)). In contrast, emission from the 

1.43 eV interlayer exciton state shows a large + circular helicity when we excite intralayer 

excitons with +-polarized light (Fig. 2B). It indicates that the lowest energy K-valley interlayer 

exciton has a total QAM of +1 (state 1 in Fig. 1D). This again highlights the important role of 

moiré superlattice, which introduces an additional QAM of +1 (or equivalently, -2, due to the 

three-fold rotation symmetry in the system) and a well-defined circular selection rule to the 

lowest-energy opposite-spin state. The other opposite-spin state, i.e. state 3, is not observed in 

our study, presumably due to its very small oscillator strength. 

Combining the ability to engineer spin-valley selection rules using the novel moiré degree of 

freedom, the coexistence of multiple moiré states with distinctively different optical properties, 



and the tunability from layer configuration and external fields, interlayer excitons in WSe2/WS2 

moiré superlattice provides a versatile platform to exciting new exciton and valley physics. 
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Figures: 

 

 

Fig. 1│Interlayer moiré excitons in near-zero twist angle WSe2/WS2 heterostructure. (A and 

B) Side-view illustration (A) and optical microscope image (B) of a representative near-zero twist 

angle heterostructure. (C) Reflection contrast of the heterostructure shows three prominent peaks 

in the WSe2 A exciton range near 1.7 eV. This is a characteristic absorption signature of the 

intralayer moiré exciton. (D) Illustration of the moiré superlattice in real space (left) with moiré 

supercell outlined in black diamond. Interlayer excitons can be trapped at two different local 

minima of the moiré potential, labeled as A and B points. This moiré degree of freedom, combined 

with different spin configurations, give rise to 4 interlayer exciton states in the K valley (state 1 to 

4 in the right box). (E) Photoluminescence (PL) spectrum of the heterostructure shows only one 

prominent peak at 1.43 eV because PL measurements are only sensitive to the emission state and 

cannot probe higher energy states. 

 

  



 

Fig. 2│Interlayer moiré excitons probed by helicity-resolved photoluminescence excitation 

(PLE) spectroscopy. (A and B) PLE spectra of a representative device measured by monitoring 

the + (black) and - (grey) emission intensity of the 1.43 eV emission peak.  The energy of + 

excitation light is scanned over intralayer exciton (A) and interlayer exciton (B) range. The 

emission intensity is strongly enhanced when excitation light is in resonance with all intralayer 

exciton resonances (A) and two additional resonance peaks in the interlayer exciton range (B), 

suggesting the existence of two new interlayer moiré exciton states at 1.46 (green shaded area) and 

1.51 eV (yellow shaded area), respectively. (C) PL circular helicity shows a near-constant positive 

value of ~ 0.5 with intralayer exciton excitation. (D) PL emission shows circular helicity of ~ 0.5 

and ~ -0.5 when exciting the 1.46 and 1.51 eV interlayer exciton states, revealing their unusual 

optical selection rules. All measurements are done at 10 Kelvin. 

  



 

Fig. 3│  Interlayer moiré excitons probed by resonant pump-probe spectroscopy. (A) 

Illustration of the pump-probe experimental design. + pump light in resonance with an interlayer 

exciton state directly creates valley-polarized holes in WSe2, which can then be probed by the 

induced circular dichroic signal at the WSe2 intralayer exciton energy. (B) Pump-induced circular 

dichroic signal with probe energy fixed at 1.67 eV and pump energy swept from 1.38 eV to 1.54 

eV. The two prominent resonances with opposite sign at 1.46 (green shaded region) and 1.51 eV 

(yellow shaded region) reaffirms the two interlayer moiré exciton states observed in PLE 

measurement. The 1.43 eV state, on the other hand, shows no clear resonance (purple shaded 

region), indicating its weakly-absorbing nature. (C to E) Pump-induced circular dichroic spectra 

with pump energy in resonance with the 1.46 eV state (C), 1.51 eV state (D), and intralayer exciton 

at 1.94 eV (E). The circular dichroic spectra when pumping the 1.51 eV interlayer exciton state 

gives the same sign as when pumping the intralayer exciton; therefore in both cases + pump create 

holes in the K valley of WSe2 (insets of (D) and (E)). In contrast, an opposite sign is observed 

when pumping the 1.46 eV state, indicating that + light selectively create holes in the K’ valley 

(insets of (C)). All measurements are done at 10 Kelvin. 

 



 

Table 1: Nature of different interlayer moiré exciton states and the spin, valley and moiré 

contributions to their optical selection rule 

 

 


